Introduction
Numerical simulations for plasma materials processing have become more important as materials and chemistries have increased in complexity and process requirements have become more stringent. Multi-step processing has often been adopted both for IC fabrication and for micromachining in cases for which deep etching was required.
The two most well-known high-etch-rate techniques for deep silicon etching are cryogenic etching (see, for example, [1] [2] [3] [4] ) which requires temperatures to be in the range of -110 • C during etching, and the so-called Bosch etching [5] [6] [7] [8] . Bosch etching requires high density inductively coupled plasmas and uses alternating steps of isotropic etching by SF 6 and wall passivation (polymer deposition) by c-C 4 F 8 to obtain vertical profiles.
Many other schemes for efficient deep silicon etching were proposed and investigated. These sometimes used gases other than the usual SF 6 and c-C 4 F 8 , or used mixtures of gases, and did not necessarily require high density inductively coupled plasmas (see, for example, [9] [10] [11] [12] [13] [14] [15] and references there). A similar technique to that used in Bosch processing is sometimes called gas chopping [9] [10] [11] [12] or time multiplexed deep etching [6, 8, 13, 15] .
The goal of Bosch and other deep-etch processes is to provide high-speed etching (in the range of 1000 Å/s, and higher) and to obtain deep profiles (up to 100s of microns). These high etch rates require high fluxes of active radicals to the wafer, which in turn require high RF power, high pumping speed, and high gas flows.
Using fluorine chemistry is advantageous as fluorine etches silicon at a high rate. Sulphur hexafluoride, SF 6 , is commonly used for this purpose as it is largely comprised of fluorine, F. In plasma, SF 6 breaks into the highly reactive radicals F and SF x and into the ions SF x + , where x is an integer 1,2, etc. These ions provide energy to break through the bottom of the polymer layer and to etch anisotropically in the vertical direction. Ion energy is also needed to accelerate etching of Si by F and by SF x radicals.
Fluorine and other flourine-rich radicals etch Si isotropically. To ensure unidirectional vertical etching, the passivation or protection of sidewalls is needed. In the Bosch process, this is accomplished by alternating the etching step with the polymer deposition step. Separating these two steps allows each to be done optimally.
The deposition step often uses octofluorocyclobutane, c-C 4 F 8 , chemistry to protect the sidewalls with the polymer. In plasma, c-C 4 F 8 gas breaks into a wide spectrum of radicals and ions. The plasma then contains such fluorocarbon radicals as CF, CF 2 , CF 3 , and C 2 F 4 which actively deposit on the sidewalls forming a Teflon-type polymer. The polymer is stable at temperatures below about 50 • C but disintegrates at higher temperatures. Since energy delivered by fluxes of energetic species from the plasma heats the substrate and the etching reactions are exothermic, the substrate requires active cooling. If the polymer layer on the sidewalls is not thick enough by the beginning of the etching time-step, it cannot prevent lateral etching of Si.
The Bosch process, if operated at conditions in which the etch rate is maximally high, leaves significant roughness and apparent scalloping on the sidewalls. Shortening the deposition and etching time-steps improves that negative phenomenon but at the cost of a reduced overall etch rate. Further smoothing of the sidewalls requires a change of chemistry (see, for example, [11] in which smooth sidewalls were obtained by using CHF 3 gas instead of SF 6 ).
For typical reactive ion etching (RIE) processes, the vertical anisotropy of obtained profiles depends on the ion energy level. The higher the ion energy, the higher the aspect ratio and degree of vertical anisotropy that can be obtained. The Bosch process also requires energetic ions in order to anisotropically break the polymer layer at the bottom and to provide energy which significantly increases the etch rate there. However, the Bosch process primarily relies on sidewall protection to ensure vertical profiles and the excessive ion energy may damage the profiles. Thus, reliable control of ion fluxes and ion energy is important for deep etch processing. The Bosch process operates in regimes in which ion fluxes are significantly lower than the fluxes of active radicals.
The etch rate of the Bosch process depends on the aspect ratios of etched features (aspect ratio dependent etch, ARDE). Sidewall reactions play a significant role in reducing radical fluxes coming to the bottom of the etched features [16] . This causes gradual reduction of etch rates at the bottom as the aspect ratios of etched features grow with time. This effect becomes strong at high aspect ratios and could lead in some cases to etch stop.
Surface Reactions
Setting the reactions between incoming species and solid materials is likely the most difficult part of simulating the Bosch process. Plasma experiments often do not provide sufficient information on the probabilities or yields of reactions for particular species, especially for ions for which reaction rates also depend on energy and angle of incidence. Multiple radicals and ions come to the surface simultaneously during a typical plasma experiment which makes it difficult to distinguish between reactions of different species and determine the reaction coefficients for each particular species. Specially designed beam experiments could help resolve that uncertainty because the species, energy, and angle of incidence could be selected and accurately controlled.
Our goal here is to demonstrate the capabilities of the feature-scale simulator FPS3D, which allow it to simulate such complex processes as Bosch etching or similar deep Si processing with alternating time-steps. There are a number of publications which provide specific information on particular experiments which use the same chemistry as does the Bosch process; they suggest a set of main reactions (see, for example, [17, 18] ). We have used some of this data but only to put the reaction parameters in the right range. Proper analysis of the Bosch process and the determination of a complete set of reactions and main reaction pathways with determined reaction rates is a difficult task that, to our knowledge, has not yet been accomplished. We did not try here to build such a set of reactions by fitting experimental data. Instead, we have used a simplified set of reactions, sufficient to capture the main phenomena of the Bosch process. During the deposition time-step, we consider only the polymer depositing species, and select the primary CF 2 to represent all others such as CF, CF 2 , CF 3 and C 2 F 4 . During the etching step, the SF 6 plasma produces many radicals and ions. We consider reactions with the main etching species, F radicals, to represent all reactions with radicals, and consider reactions with CF 3 + to represent all reactions with ions. A simplified set of reactions between gaseous species and solid materials was built. It includes reactions of neutral species, ions and implants with solid materials. Reactions with neutrals and implants have temperature dependencies, while reactions with ions have energy and angular dependencies. Solid species are denoted by a concluding (s), implants are denoted by a concluding (i), and gaseous species have no concluding symbol. The polymer is presented as Poly. Species with a concluding E represent molecules with partially broken bonds due to interaction with energetic ions. These are typically more likely to react with gases than are the non-energized species.
The following reactions of neutrals with solids were considered: While the S(i) implant was considered non-reactive, the following reactions for the F(i) implant were considered:
This set of reactions is significantly simplified compared to what we believe actually occurs, but it is enough to capture the main characteristics of Bosch processing. In FPS3D, if a reaction between a gaseous species and a solid species is not listed, the default is a reflection of the gaseous species.
Incoming Fluxes
The FPS3D simulator requires fluxes for all incoming reactive species to be set. The Bosch process typically utilizes high plasma density resulting in high fluxes of radicals, while the ion fluxes are limited to a small fraction of the radical fluxes. In simulations presented in this article, the following parameters were used. During the polymer deposition time-step, the flux of the main polymer depositing species, CF 2 , was set to be 3 * 10 18 cm −2 s −1 for a duration of 4s. An intermediate transitional time-step of 1s was set, during which the fluxes gradually changed from the deposition regime to the etching regime. For the etching time-step, the fluxes of the main species, F radicals and SF 3 + ions, were set at the levels of 1.2 * 10 19 and 1.8 * 10 16 cm −2 s −1 , respectively. After the etching step, an intermediate transitional time-step was set again during which the fluxes changed back to the polymer deposition regime. These four time-steps represent a single cycle. During Bosch processing, this cycle of fluxes is repeated many times (demonstrated in Figure 1 ).
The FPS3D Feature Scale Simulator
Our goal is to numerically model the Bosch process using the feature-scale simulator FPS3D [19, 20] . Bosch processing is challenging to simulate because it includes both etching and deposition. Additional complications appear because the fluxes of species are large and change frequently, and because silicon and polymer have highly disparate densities (meaning that the approximation that all full cells contains the same number of molecules cannot be used). Large fluxes can pose complications to Monte Carlo simulation software if it includes the assumption that each gas particle contains a single molecule, but that assumption is not used in FPS3D. In FPS3D, all solid materials are represented via rectangular cells of equal dimensions, and the code presents all incoming fluxes of species as Monte Carlo particles. The number of molecules in a full cell depends on the density of the corresponding materials. Each particle and each cell can include any number of molecules, ranging from one to an arbitrarily large number. When possible, to improve statistics and reduce artificial numerical roughness of profiles, the number of molecules in a particle is chosen to be significantly less than that in a cell. FPS3D allows consideration of the large fluxes and large feature dimensions of typical Bosch processing, both in 2D and 3D.
Results of Simulations
The incident fluxes of reactive species to the wafer change over time in cycles, as shown in Figure 1 . The CF 2 flux strikes the wafer at a constant level during the deposition time-step of 4s, and the F radical and SF 3 + ion fluxes strike at constant levels during the etching time-step of 4s. These two main steps overlap during the intermediate step of 1s, in which the fluxes gradually change one into the other. This approach allows simulation of the realistic condition of gas chopping. It is impossible to change fluxes instantaneously, although researchers strive to make the corresponding gas changes as quick as possible.
Note: the following images are taken from the FPS3D software, which uses a concluding carat symbol (ˆ) to represent an ion, a concluding underscore (_) symbol to represent a solid material, uses A/s to mean Angstroms per second, and does not use subscripts in chemical notation. During the etching time-step, fluorine removes silicon mostly isotropically, as shown in Figure 2 for the first etching time-step. The following deposition time-step results in the polymer deposited everywhere on Si and on mask, as shown in Figure 3 . Figure 4 and Figure 5 show the deposition step and the following etching step after a few cycles have finished. Strong roughness (scalloping) has developed along the sidewalls, corresponding to the number of cycles passed. Etching during a single cycle is significant, but the etch rate gradually decreases when the trench becomes deeper.
FPS3D allows the user to record parameters at any number of selected locations. We selected three x-locations of 0.7, 1, and 1.3 microns to record such parameters as the height (6) The height changes in a step-like fashion in Figure 6 , corresponding to the cycles. The height increases slightly during the deposition time-step due to polymer deposition but then quickly decreases during the etching time-step due to removal of polymer and Si.
The instantaneous etch rate and instantaneous etch yield in Figure 7 and Figure 9 are slightly negative during the polymer deposition time-steps but then are strongly positive during the etching time-steps. The instantaneous etch rate initially reaches about 1000 Å/s but then gradually decreases to about 500 Å/s, after 100s of etching.
Similar results were obtained during 3D simulations for the case of etching trenches. Sample 3D profiles are shown in Figure 11 and Figure 12 for the deposition time-step during the second cycle and for the following etching time-step, respectively. The cell size was chosen to be larger than that in the 2D simulations to accelerate calculations.
The results of simulations for more complex 3D structures, such as high aspect ratio vias (not presented here), show significant differences between 2D and 3D calculations -the etch rate is always lower in 3D calculations than it is in 2D. For these cases, 2D calculations cannot properly capture the flow limitations and the magnitude of wall interactions, thus 3D calculations should be used.
Discussion and Conclusion
We have presented simulation results for Bosch-type deep Si etching. Bosch processing is designed for high etch-rate etching and uses alternating time-steps of etching and polymer deposition in cycles.
In our simulations, the duration of one cycle was chosen to be 10s, with the deposition and etching steps each 4s long, and with two intermediate time-steps simulating gas switching between etching and deposition, each having the duration of 1s.
We have used the advanced feature-scale simulator FPS3D which is designed to simulate etching and deposition during materials processing. The simulator can consider any set of materials, any set of incoming fluxes of species, and any set of reactions happening at the material surfaces. In this article, we used a simplified set of reactions which was nevertheless capable of capturing the main characteristics of the Bosch process. The deposition and etching time-steps were simulated with details not previously attainable.
